European Journal of Endocrinology (2013) 169 529-536 



ISSN 0804-4643 



CLINICAL STUDY 

A 10-year analysis of thyrotoxic periodic paralysis in 
135 patients: focus on symptomatology and precipitants 

Chin-Chun Chang\ Chih-Jen Cheng\ Chih-Chien Sung\ Tzong-Shi Chiueh^, Chien-Hsing Lee\ Tom Chau"* 
and Shih-Hua Lin^ 

^Division of Nephrology, Department of Medicine. 'Division of Clinical Pathology, Department of Pathology and 'Division of Endocrinology and 
Metabolism, Department of Medicine, National Defense Medical Center, Tri-Service General Hospital, No 325, Section 2, Cheng-Kung Road, Neihu 114, 
Taipei, Taiwan and "^Department of Medicine, Providence St Vincent Medical Center, Portland, Oregon, USA 

(Correspondence should be addressed to S-HLin; Email I521116@ndinctsgh.edu,tw) 



Abstract 

Background: A comprehensive analysis has not been performed on patients with thyrotoxic periodic 
ptiralysis (TPP) characterized by acute hypokalemia and paralysis in the setting of thyrotoxicosis. 
Purpose: The aim of this study was to analyze the detailed symptomatology of thyrotoxicosis and 
precipitating factors for the attack in a large cohort of TPP patients. 

Patients and methods: A prospective observational study enrolled patients with TPP consecutively over 
10 years at an academic medical center. Clinical features, including signs/symptoms of thyrotoxicosis and 
precipitating factors, were analyzed. The Wayne's index was used to assess the severity of thyrotoxicosis at 
presentation. Patients who agreed to receive an oral glucose-loading test after recovery were evaluated. 
Results: Among the 135 TPP patients (male:female, 130:5), 70% of paralytic attacks occurred in the 
morning, especially during the seasons of summer and fall. Two-thirds of patients did not have a known 
family or personal history of hyperthyroidism. Only 1 7% of TPP patients manifested overt signs/ symptoms 
of thyrotoxicosis (Wtiyne's index > 19). A cletir precipitating factor, such as high carbohydrate load, acute 
upper respiratory tract infection, strenuous exercise, high-salt diet, or the use of steroids or 
bronchodilcitors, was identified in only 34% of TPP patients. A glucose load to stimulate insulin secretion 
induced acute hypokalemia (K^ 2.4 7 + 0.6 mmol/1) with reparalysis in only 18% (10/55) of TPP patients. 
Conclusions: Most TPP patients have only subtle clinical signs/symptoms of thyrotoxicosis tmd only a small 
fraction has clear precipitating factors. In addition to the effects of hyperinsulinemia, other insulin- 
independent mechanisms may participate in the pathogenesis of TPP. 
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Introduction 

The spectrum of muscle weakness to paralysis induced 
by hypokalemia is called hypokalemic paralysis (HP), 
and the leading cause of hypokalemia-related medical 
emergencies (1). The etiology of HP can be generally 
classified into two groups: hypokalemic periodic paraly- 
sis (hypoPP), due to shift of potassium (K^) into the 
intracellular space without a total deficit, and non- 
hypoPP. due to a large deficit via gastrointestinal or 
renal loss (2). Among the hypoPP, familial hypokalemic 
periodic paralysis (FPP) is the most common cause in 
Western countries, and thyrotoxic periodic paralysis 
(TPP), characterized by the triad of acute hypokalemia 
without total body K'*' deficit, muscle paralysis, and 
thyrotoxicosis, is the most common cause in Asia. 
However, with globalization and immigration, TPP is no 
longer confined to certain geographic areas (3, 4, 5, 6). 

TPP is fraught with diagnostic and therapeutic 
challenges (2,3, 7, 8, 9). It is crucial to recognize and 
treat early to avoid the life-threatening complications 
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such as cardiac arrhythmias and respiratory failure. 
We have previously reported several diagnostic clues 
of TPP, including adult males without a family history 
of periodic paralysis exhibiting systolic hypertension, 
tachycardia, high ORS voltage or first-degree atrioven- 
tricular block on electrocardiography, as well as typical 
acid-base and electrolyte findings such as normal blood 
acid-base status, hypokalemia with low urinary 
excretion, hypophosphatemia with hypophosphaturia, 
and hypercalciuria (1, 2, 3, 10, 11, 12). With respect to 
emergent therapy, the dose of KCl should be minimized 
to avoid rebound hyperkaleinia. For patients who are 
'refractory' to KCl treatment, non-selective P-blockers 
may be an alternative. These patients often manifest 
persistently decreased serum concentration after 
KCl supplement associated with evidences of hypera- 
drenergic activity (13). 

There are several unresolved issues in TPP. It is 
often stated in the literature that typical clinical 
symptoms of thyrotoxicosis, such as weight loss, heat 
intolerance, palpitations, increased appetite, excitability, 
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and diaphoresis, may be subtle and periodic paralysis 
may precede these symptoms in TPP (10, 14, 15, 16). 
However, the exact severity of thyrotoxicosis has not 
been evaluated in TPP patients at the time of 
presentation. In terms of precipitating factors, several 
endogenous and exogenous factors that stimulate the 
Na^-K^-ATPase have been reported to precipitate 
attacks of TPP (17, 18, 19). High carbohydrate loads 
and strenuous exercise are well-recognized precipitating 
factors for TPP as well as FPP. Nevertheless, the exact 
mechanism and relative contribution of each of these 
factors to the pathogenesis of TPP is still unclear. We 
have collected a large set of phenotypic and biochemical 
data from TPP patients over the past 10 years. In this 
study, we analyzed these patients focusing on sympto- 
matology and precipitating factors, in order to provide a 
better understanding of its clinical features and 
pathogenesis. Glucose-loading test was also performed 
in a considerable number of these patients to evaluate 
the role of hyperinsulinemia in triggering attacks. 



Subjects and methods 
Subjects 

The study protocol was approved by the Ethics 
Committee on Human Studies at Tri-Service General 
Hospital, National Defense Medical Center, in Taiwan. 
From January 2002 to December 2012, the patients 
presenting with hypokalemia (serum K"'' concentration 
<3.0mmol/l) and acute muscle weakness in the 
emergency department (ED) were visited, examined, 
and collected by at least an experienced nephrologist. 
The process of the participants' selection is shown in 
a flow diagram (Fig. 1). The diagnosis of TPP was 
confirmed by fulfilling the following criteria: low urine 
excretion rate (transtubular potassium gradient 
< 3) and thyrotoxicosis confirmed by thyroid function 
tests - low thyroid-stimulating hormone (TSH) and high 
tri-iodo thyronine (T3) and free thyroxine (FT4). Other 
causes of HP, such as renal causes and abuse of diuretics 
and laxatives, were excluded. Patients with previously 
diagnosed TPP, concomitant medication that confounds 
the interpretation of renal excretion and thyroid 
function tests, missing blood or urine sample collec- 
tions, or referred from other hospitals after medical 
treatment were excluded. The history inquiry, physical 
examination, laboratory tests, and KCl supplementation 
were performed as previously reported (2, 10, 11, 
12, 13). The clinical features, signs, and symptoms of 
thyrotoxicosis and precipitating factors were recorded. 

Clinical features and laboratory 
measurement 

Historical and demographic data were collected on 
each TPP patient, including gender, age, height, body 
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weight, vital signs, family history of periodic muscle 
paralysis and hyperthyroidism, personal history of 
hyperthyroidism, and time-of-onset of the paralytic 
attack. Hemodynamic monitoring and laboratory 
examinations were performed as previously reported 
(2, 10, 11, 12, 13). Blood gases were measured with 
an ABL 510 (Radiometer, Copenhagen, Denmark). 
Blood biochemical values and electrolytes were 
determined with the use of automated methods (AU 
5000 chemistry analyzer; Olympus, Tokyo, Japan). 
Thyroid function tests were measured by RIAs 
(Diagnostic Products Corporation, Los Angeles, CA, 
USA). The estimated glomerular filtration rate (eGFR) 
was calculated using the Modification of Diet in Renal 
Disease (MDRD) formula. To define the underlying 
causes of hyperthyroidism, TPP patients received the 
measurement of serum thyroglobulin, thyrotropin 
receptor antibody, thyroid ultrasound, and iodine-131 
thyroid scan. 



Signs and symptoms of thyrotoxicosis 

The Wayne's index was used to quantitatively evaluate 
the severity of signs and symptoms of thyrotoxicosis at 
initial presentation of all TPP patients. This index, albeit 
old, has demonstrated accuracy in the clinical assess- 
ment and diagnosis of thyrotoxicosis (20, 21). It scores 
the patient on nine symptoms (palpitations, preference 
for heat, preference for cold, appetite change, weight 
change, diaphoresis, fatigue, dyspnea on exertion, and 
nervousness) and ten signs (palpable thyroid, bruit over 
the thyroid gland, exophthalmos, lid retraction, lid lag, 
hyperkinetic movements, fine finger tremor, hot and 
moist hands, tachycardia, and atrial fibrillation). Of a 
total score of 45, > 19 is considered thyrotoxic, 11-19 
equivocal, and < 1 1 euthyroid. 



Precipitating factors 

The precipitating factors of TPP reported in the 
literature included high carbohydrate ingestion, stren- 
uous exercise, trauma, acute upper respiratory tract 
infection (URI), high-salt diet, emotional stress, 
exposure to cold, alcohol ingestion, menstruation, and 
use of drugs such as corticosteroids, epinephrine, 
acetazolamide, and non-steroidal anti-inflammatory 
drugs (2, 3, 14, 22, 23, 24). These factors precede 
the acute attack of TPP <24 h and strongly associate 
with the disease mechanism of TPP. Our patients were 
questioned on all these factors, and their carbohydrate 
and salt ingestion was based on single 24-h dietary 
recall (25, 26). We also evaluated the available medical 
records for each patient to identify the use of the above- 
mentioned drugs that might have been overlooked 
by patients. 
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1) Hypololemia (serum k+ ievei < 3 mmoi/i) 
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Figure 1 Flow diagram of assessment for eligibility. ED, emergency 
department; HP, hypokalemic paralysis; GI, gastrointestinal; TPP, 
thyrotoxic periodic paralysis. 



Glucose-induced paralysis 

To evaluate whether high carbohydrate loads predis- 
posed patients to acute hypokalemia and muscle 
paralysis via hyperinsulinemia, patients were asked to 
receive an oral glucose challenge (2 g/kg), modified 
from a protocol previously described (27), 1 day after 
full recovery. TPP patients who agreed underwent 
blood sampling prior to and every hour after the 
glucose load over a 3-h period. Their muscle strength 
and ECG were closely monitored and serum electrolytes 
and insulin were measured hourly. Oral or i.v. KCl 
supplementation (lOmmol/h) was given to those 
who developed acute hypokalemia and paralysis until 
muscle recovery. 

Statistical analysis 

Results are expressed as mean + s.d. A one-way ANOVA 
was used to compare plasma FT4 levels among the three 
grades of thyrotoxicosis by the Wayne's index. The 
relationship between initial serum and the FT4 
concentration was analyzed by simple linear regression. 
The unpaired Student's t-test was used to determine 
significant differences in variables between TPP patients 
with and without induced HP in glucose-loading tests at 
the P value <0.05 level of confidence. The Mann- 
Whitney U test was used when the variables between 
two subgroups were not normally distributed. Analyses 
were performed using PASW StatisticslS (SPSS 18.0) 
statistical software. 



Results 

Patients' characteristics 

Over 10 years, there were 302 patients presenting with 
acute hypokalemia and muscle paralysis in our ED. 
Totally, 135 TPP patients were enrolled in this study 
according to our protocol (Fig. 1). Their characteristics 
are shown in Table 1. They had a remarkable male 
predominance (malerfemale, 26:1) and young age 
of onset (mean 30.6 years, range 16-62 years) with 
80% in the 20- to 40-year age group. Their thyroid 
function showed high T3 (244.0 + 95.1 ng/dl), high 
FT4 (4.5 + 2.8 ng/dl), and suppressed TSH level (aU 
<0.03mU/l). Graves' disease with a positive thyro- 
tropin receptor antibody, a diffuse enlargement of the 
thyroid gland, and/or diffusely increased radioiodine 
uptake in the thyroid accounted for the major cause 
of hyperthyroidism (130/135, 96.3%). Other causes of 
thyrotoxicosis included the use of T3-containing weight- 
reducing agents in two, subacute thyroiditis in one, 
toxic multi-nodular goiter in one, and toxic single 
nodular goiter in one. Twenty-nine patients (21.5%) 
had a family history of hyperthyroidism in at least one 
first-degree family member and 33 patients (24.4%) 
had already been diagnosed with hyperthyroidism 
prior to their first attack of paralysis. Seventeen 
(12.6%) TPP patients had both family and personal 
histories of hyperthyroidism. No patient had a family 
history of periodic paralysis. With respect to the timing of 
paralytic attacks, most of them occurred in the morning 
(0400-1200 h; 95/135, 70%) followed by evening 
(1700-2300 h; 26/135, 19%). Most TPP attacks 
occurred in the summer (35%, June-August) and fall 



Table 1 Clinical and laboratory features of 135 TPP patients. 





Reference 




Study 


range 


Result 


Clinical feature 






Gender (male/female) 


NA 


130:5 


Age (years) 
BMI (kg/m^) 


NA 


30.6 + 8.2 


18.5-24.9 


25.3 + 3.6 


Systolic blood pressure (mmHg) 


NA 


140.0 + 14.4 


Diastolic blood pressure (mmHg) 


NA 


76.1+10.4 


Heart rate (beats/min) 


NA 


98.8 + 14.5 


Plasma 






TSH (nU/ml) 


0.25-5.00 


<0.03 


Tri-iodothyronine (ng/dl) 


86.0-187.0 


244.0 + 95.1 


Free thyroxine (ng/dl) 


0.8-2.0 


4.5 + 2.75 


Na+ (mmol/l) 


136-145 


139 + 3 


Initial K+ (mmol/l) 


3.5-5.1 


2.17 + 0.4 


CI" (mmol/l) 


98-107 


106 + 2 


PH 


7.35-7.45 


7.40 + 0.02 


Bicarbonate (mmol/l) 


22.0-26.0 


23 + 2 


Ionized calcium (mg/dl) 


4.5-5.3 


4.81 +0.22 


Phosphate (mg/dl) 


2.7-4.5 


2.34 + 0.77 


Creatinine (mg/dl) 


0.7-1.2 


0.60 + 0.15 


eGFR (ml/min per 1 .73 m^) 


90-120 


168.1+37.8 
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(30%, September-November). In addition to the typical 
clinical and laboratory features mentioned earlier (in the 
Introduction) , hypocreatininemia (0.6 + 0.15 mg/dl) 
with high eGFR (168.1 + 37.8 ml/min per 1.73 m^) 
due to the increased renal blood flow related to 
hyperthyroidism was also very common in TPP patients. 

All our TPP patients received non-selective P-blockers 
for the prevention of the attack and oral KCl supplement 
(8-16 mmol/h) only if they had recurrent acute muscle 
symptoms. The definite control of hyperthyroidism is 
the key to prevent the recurrence of TPP. Anti-thyroid 
agents were given shortly after the diagnosis of 
hyperthyroidism for most of our TPP patients with 
Graves' disease. Approximately 5% (6/130) of them 
received surgical thyroidectomy (2/130) or oral radio- 
active iodine-131 ablation therapy (4/130) because of 
uncontrollable Graves" disease. For the other above- 
mentioned causes of thyrotoxicosis, there was no 
recurrence of TPP attack after the discontinuation of 
offending drugs, spontaneous resolution of thyroiditis, 
and the medical treatment with anti-thyroid agents 
followed by surgical thyroidectomy for toxic nodular 
goiter. Overall, ~30% (40/135) of our TPP patients 
had recurrent attacks, mostly during the withdrawal 
or tapering of the anti-thyroid agents. 

Signs and symptoms of thyrotoxicosis 

Most TPP patients were clinically equivocal (45%, 
Wayne's index score 11-19) or even euthyroid (38%, 
Wayne's index score < 11). Only 1 7% manifested overt 
signs and symptoms of hyperthyroidism (Wayne's score 
> 19). Furthermore, only 16% of the two-thirds of TPP 
patients who had neither personal nor family history 
exhibited overt thyrotoxicosis. TPP patients with toxic 
signs/ symptoms of hyperthyroidism had higher plasma 
levels of FT4 than the clinically euthyroid patients 
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Figure 2 Plasma FT4 concentration in TPP patients with different 
Wayne's indices. *P<0.01, toxic vs euthyroid. 
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(Fig. 2). However, there was no significant correlation 
between the initial serum and FT4 concentration 
(P>0.05). 

Precipitating factors 

We found identifiable precipitating factors of attacks in 
34% (46/135) of TPP patients. Of these, most (41/46, 
89%) had a single precipitant; five patients (5/46, 11%) 
had two coexisting precipitating events. The identified 
precipitating events for TPP attacks were high carbo- 
hydrate ingestion (16/135, 12%), recent acute URI 
(11/135, 8%), strenuous exercise (10/135, 7%), high- 
salt diet (4/135, 3%), trauma (1/135, 1%), and use of 
corticosteroids (1/135, 1%) and 3-adrenergic bronch- 
odilators (3/135, 2%). All the TPP patients with more 
than one precipitant had carbohydrate-rich food 
ingestion, four overlapped with exercise and one with 
acute URI. There were no significant differences in 
clinical course between TPP patients with single and 
multiple precipitants. The clinical characteristics and 
biochemical studies were also not statistically different 
between TPP patients with and without identifiable 
precipitating events. 

Glucose-induced paralysis 

Fifty-five TPP patients agreed to an oral glucose-loading 
test after recovery. Only ten patients (10/55, 18%) 
redeveloped acute hypokalemia and muscle paralysis. 
They often had an abrupt fall of their serum 
concentration at 1 h and a nadir in the second hour 
with muscle weakness (muscle power <3) (Fig. 3). AU 
of them recovered muscle power within 6-8 h after 
prompt oral or i.v. KCl supplementation. None of them 
developed serious complications, such as acute respir- 
atory failure or ventricular arrhythmia. Three of ten 
(30%) TPP patients who demonstrated provocative 
paralysis had an identifiable precipitating factor (two 
with prior ingestion of sweets and one with recent URI). 
Eleven of the remaining 45 (24%) patients without 
provocable attacks had identifiable predisposing events 
(four with recent URI, three with ingestion of 
carbohydrate-rich food, two with strenuous exercise, 
and two with concurrent exercise and ingestion of 
carbohydrate-rich food). There was no significant 
difference in gender, age, BMI, blood pressure, heart 
rate, precipitants, and biochemical studies, including 
plasma insulin, between TPP patients with and without 
provocable attacks (Table 2). 



Discussion 

This prospective study provides clinical insight, focusing 
on symptoms related to hyperthyroidism and precipi- 
tants, in a large cohort of TPP in Taiwan. Most attacks 
of TPP occurred in the morning and during the seasons 
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Figure 3 Serum concentration in 55 TPP patients with (closed 
circle) and without (open circle) glucose-induced paralysis. 
*P<0.01. 



of summer and fall. Two-thirds of TPP patients did not 
have known personal or family histories of hyperthyr- 
oidism. Using Wayne's index, we demonstrated that 
only 17% (23/135) of TPP patients had signs and 
symptoms of thyrotoxicosis. Furthermore, only one- 
third of TPP patients had identifiable precipitating 
factors. Similarly, glucose challenge stimulating 
endogenous hyperinsulinemia provoked HP in only 
18% (10/55) of TPP patients. 

TPP patients in this study had remarkable male 
predominance (male-to-female ratio of 26:1) despite the 
fact that hyperthyroidism is more common in females 
(female-to-male ratio of 9:1). This finding also existed in 
our previous report and other observational studies. 
Androgens, muscle mass, and serum catecholamine 
levels in response to stress may explain the gender 
difference (28, 29, 30, 31, 32). Androgens have been 
reported to increase the expression and activity of the 
Na+, I<;+-ATPase (28, 29, 33). Testosterone enhances 
hypertrophy of myoblasts and thus causes higher 
muscle-to-body mass ratio and total Na^, I<C^-ATPase 
abundance in males (30, 34). Catecholamines, a strong 
activator of Na^, K^-ATPase activity, have been found 
to be released more in males in response to experimental 
stress (31, 32). The preponderance of TPP attacks in the 
morning may also stem from higher plasma catechol- 
amines and sympathetic tone in the late morning (35). 
With respect to the seasonal variation, increased 
outdoor activity with increased perspiration of I<C^ and 
ingestion of sugar-containing cold beverages may be 
responsible for the higher prevalence of TPP attacks 
in the summer and fall in Taiwan. 

Thyrotoxicosis is a prerequisite for the diagnosis 
of TPP. Because thyroid hormone measurement is not 
often available in the ED, prompt diagnosis of thyro- 
toxicosis primarily relies on the family and personal 
histories and clinical assessment of hyperthyroid 
signs/symptoms. In this study, only one-third of TPP 



patients had known personal or family history of 
hyperthyroidism. According to previous reports, nearly 
50% of TPP patients had only subtle signs/symptoms 
of thyrotoxicosis, albeit without systematic assessment 
(14, 15, 16, 36), Using the Wayne's index, a reliable 
quantitative score of hyperthyroid severity (20, 21), 
we found that only 17% of TPP patients had toxic 
thyrotoxicosis (score > 19), supporting the notion that 
most TPP patients have equivocal symptoms. This 
finding was consistent across patients with and 
without personal/family histories of hyperthyroidism. 
For those (76/135, 56.3%) who did not have 
known personal/family history or overt clinical 
thyrotoxicosis, several clinical and laboratory findings 
characteristic of TPP, mentioned in the Introduction, 
are helpful in making the rapid diagnosis of TPP (1,2,3, 
10, 11, 12). 

Precipitating factors, including high carbohydrate 
loads, strenuous exercise, trauma, acute URI, high- 
salt diet, emotional stress, exposure to cold, alcohol 
ingestion, menstruation, and use of drugs such as 
corticosteroids, epinephrine, acetazolamide, and non- 
steroidal anti-inflammatory drugs, have been reported 
with attacks of TPP. In reviewing these factors with 
our TPP patients in detail, we found that only the 
minority of them (34%) had identifiable precipitants. 
TPP patients with and without known precipitating 
factors had no significant differences in their clinical 
and biochemical findings. Our study also showed that 
high carbohydrate loads and strenuous exercise, the 



Table 2 Comparison between TPP patients with and without 
glucose-induced paralysis. 





Reference 


Paralysis 


Non-paralysis 


Study 


range 


(n=10) 


(n=45) 


Clinical feature 








Gender 


NA 


10:0 


44:1 


(male/female) 








Age (years) 


NA 


31.1 +7.8 


31.8 + 9.6 


BMI (kg/m^) 


NA 


25.9 + 2.3 


24.9 + 3.4 


Systolic blood 


NA 


131.2 + 11.5 


133.8+15.6 


pressure (mmHg) 








Diastolic blood 


NA 


73.2 + 7.3 


76.7 + 9.9 


pressure (mmHg) 








Heart rate 


NA 


100.3 + 19.8 


104.26+12.6 


(beats/min) 








Precipitating 


NA 


3/10 


11/45 


factors ( + ) 








Plasma 








on paralysis 


3.5-5.1 


2.47 + 0.6* 


3.60 + 0.3 


(mmol/l) 








TSH (tiU/ml) 


0.25-5.00 


<0.03 


<0.03 


Tri-iodothyronine 


86.00-187.00 


272.2 + 68.9 


21 0.9 ±76 


(ng/dl) 








Free thyroxine 


0.80-2.00 


3.74 + 0.9 


3.8+1.3 


(ng/dl) 








Creatinine (mg/dl) 


0.7-1.2 


0.6 + 0.1 


0.6 + 0.1 


eGFR (ml/min) 


90-120 


166.4 + 37.6 


168.3 + 46.6 


Peak insulin 


NA 


135.6 + 60.6 


122.1+48.1 


(ulU/ml) 









*P value <0.01. 
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two most-recognized precipitating factors in TPP and 
FPP (14, 34), were implicated in only 12 and 7% of 
our patients respectively. The low frequency of high- 
carbohydrate-provoked TPP in our observation may 
be related to the westernization of the Asian diet with 
declining rice intake and increasing protein consump- 
tion (14, 22). Nevertheless, other potential provoca- 
tive factors still need to be scrutinized in TPP patients 
without currently identifiable precipitants. 

The role of insulin in TPP was revealed by the finding 
that hyperinsulinemia was observed during acute 
attacks of TPP and that TPP patients had exaggerated 
insulin responses to oral glucose challenge in comparison 
with patients with pure hyperthyroidism (17, 18, 19). 
The hyperinsulinemic response may account for the 
association of TPP with high-carbohydrate ingestion. To 
further examine the role of endogenous hyperinsuline- 
mia in precipitating paralytic attacks, we performed an 
oral glucose-loading test (2 g/kg) during the day, 
without prior fast, mimicking the typical ingestion of 
high-carbohydrate meals, sweet snacks, or sugar- 
containing drinks. In contrast to previous reports 
(15, 37, 38), only a small portion (18%, 10/55) of 
our TPP patients developed acute hypokalemia with 
paralysis after glucose challenge. TPP patients with 
provocable attacks had similar insulin responses to 
those without induced paralysis. This finding is 
relatively similar to a previous study showing that 
29% (2/7) of TPP patients had glucose-induced 
paralysis (36) and a more recent study reporting no 
paralytic attacks in 5 1 TPP patients during oral glucose 
tolerance tests (19). Based on the infrequency of glucose 
load-induced paralysis, other insulin-independent 
factors must also be involved in the pathogenesis of TPP. 

Acute hypokalemia, the principle laboratory finding 
in TPP, correlates with the severity of paralysis and 
resolves when normal muscle strength returns. Extra- 
cellular homeostasis is primarily controlled by the 
Na^, K^-ATPase and K'*' channels in the skeletal 
muscles, which provide the main access for inward and 
outward movements respectively. Increased Na^, 
K^-ATPase activity has traditionally been implicated in 
the pathogenesis of TPP. Because only a minority 
(~2%) of patients with hyperthyroidism develops TPP, 
activation of the Na^, K^-ATPase through thyroid 
hormone-mediated mechanisms cannot be the sole 
cause. In addition, increased Na^, K^-ATPase activity 
in skeletal muscle can be compensated by increased 
efQux. In fact, insulin and catecholamines not only 
activate Na^, K^-ATPase but may also inhibit inward 
rectifying (Kir) channels (39). Recent studies have 
shown that susceptibility to TPP can be conferred by 
loss-of-function mutations in the skeletal muscle- 
specific Kir channel, Kir2.6 (40, 41, 42), and loci on 
17q involved in Kir2.1 gene expression (43, 44, 45). 
These findings also suggest that reduced basal muscular 
Kir current may also be an important mechanism 
of TPP (46). The dual hits of increased intracellular 
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K^ influx from activated Na^, K^-ATPase and 
decreased K^ efflux from defective Kir channels 
potentiates the serum hypokalemia that upsets mem- 
brane polarization and muscle excitability in TPP (46). 
The role of reduced K^ channels should be further 
verified in our TPP patients. 

There are some limitations in this study. First, we 
did not include the thyrotoxic patients without 
paralysis as disease control. The comparison between 
thyrotoxic patients with and without paralysis yields 
the potential risk factors and disease mechanisms of 
TPP. Nevertheless, the aim of this study focused on 
the symptomatology of thyrotoxicosis and the pre- 
cipitating factors of TPP. Secondly, many of the 
predisposing factors could not be quantified. For 
example, we did not quantify the amount of 
carbohydrate intake to avoid reporting error and 
define the high carbohydrate intake as the precipitat- 
ing factor. However, we have performed oral glucose 
tests to simulate the effect of high-carbohydrate diet 
on the attack of paralysis. 

In conclusion, TPP patients often have subtle signs 
and symptoms of thyrotoxicosis on presentation of 
paralysis. In contrast to standard teaching, most TPP 
patients also do not have clear precipitating factors or 
glucose load-induced paralytic attacks. Besides hyper- 
insulinemia, other insulin-independent factors may also 
play pivotal roles in the pathogenesis of TPP. 

Declaration of interest 

The authors declare that there is no conflict of interest that could be 
perceived as prejudicing the impartiality of the research reported. 

Funding 

This study was supported by grant TSGH-ClOl-168 from the Tri- 
Service General Hospital, Taiwan. 



References 

1 Lin SH, Lin YF & Halperin ML. Hypokalaemia and paralysis. 
Quarterly Journal of Medicine 2001 94 133-139. (doi:10.1093/ 
qjmed/94.3.13 3) 

2 Lin SH, Lin YF, Chen DT Chu P, Hsu CW & Halperin ML. 
Laboratory tests to determine the cause of hypokalemia and 
paralysis. Archives of Internal Medicine 2004 164 1561-1566. 
(doi: 1 0 . 1 00 1 /archinte. 164.14.1561) 

3 Lin SH. Thyrotoxic periodic paralysis. Mayo Clinic Proceedings 
2005 80 99-105. 

4 Magsino CH Jr & Ryan AJ Jr. Thyrotoxic periodic paralysis. 
Southern Medical Journal 2000 93 996-1003. 

5 Tran HA, Kay SE, Kende M, Doery JC. Colman PG & Read A. 
Thyrotoxic, hypokalaemic periodic paralysis in Australasian men. 
Internal Medicine Journal 2003 33 91-94. (doi:10.1046/j.l445- 
5994.2003.00347.x) 

6 Kilpatrick RE, Seiler-Smith S c& Levine SN. Thyrotoxic hypokalemic 
periodic paralysis: reports of four cases in black American males. 
Thyroid 1994 4 441-445. (doi:10.1089/thyl994.4.441) 

7 Kung AW. Clinical review: thyrotoxic periodic paralysis: a 
diagnostic challenge. Journal of Clinical Endocrinology and Metab- 
olism 2006 91 2490-2495. (doi:10.1210/jc.2006-6356) 



www.eje-online.org 



EUROPEAN JOURNAL OF ENDOCRINOLOGY (2013) 169 



Clinical analysis of TPP 535 



8 Fisher J. Thyrotoxic periodic paralysis with ventricular fibrillation. 
Archives of Internal Medicine 1982 142 1362-1364. (doi:10.1001/ 
archinte.l982.0()3402001 30024) 

9 Liu YC, Tsai WS, Chan T & Lin SH. Acute hypercapnic respiratory 
failure due to thyrotoxic periodic paralysis. Anwrican Journal of 
Medical Sciences 2004 327 264-267. (doi:10.1097/00000441- 
200405000-0002 5) 

10 Hsu YJ, Lin YF, Chau T, Lion JT, Kuo SW & Lin SH. 
Electrocardiographic manifestations in patients with thyrotoxic 
periodic paralysis. American Journal of Medical Sciences 2003 326 
128-132. (doi:10.1097/00()00441-200309000-00004) 

11 Lin YF, Wu CC, Pei D, Chu SJ & Lin SH. Diagnosing thyrotoxic 
periodic paralysis in the ED. American Journal of Emergency Medicine 
2003 21 339-342. (doi:10.1016/S0735-6757(03)00037-8) 

12 Lin SH, Chu P, Cheng CJ, Chu SJ, Hung YJ & Lin YE Early diagnosis 
of thyrotoxic periodic paralysis: spot urine calcium to phosphate 
ratio. Critical Care Medicine 2006 34 2984-2989. (doi:10.1097/ 
01 .CCM.OOOOl 9 501 3 .4 7004.A8) 

1 3 Shiang JC. Cheng CJ. Tsai MK, Hung YJ, Hsu YJ, Yang SS, Chu SJ & 
Lin SH. Therapeutic analysis in Chinese patients with thyrotoxic 
periodic paralysis over 6 years. European Journal of Endocrinology 
2009 161 911-916. (doi:10.1 5 30/EJE-09-0553) 

14 Ober KP. Thyrotoxic periodic paralysis in the United States: 
report of 7 cases and review of the literature. Medicine 1992 71 
109-120. (doi:10.1097/00005792-199205000-00001) 

15 Kelley DE, Gharib H, Kennedy FP Duda RJ Jr & McManis PG. 
Thyrotoxic periodic paralysis: report of 10 cases and review of 
electromyographic findings. Archives of Internal Medicine 1989 149 
2597-2600. (doi:10.1001/archinte.l989.003901101 39031) 

16 Goh SH. Thyrotoxic periodic paralysis: reports of seven patients 
presenting with weakness in an Asian emergency department. 
Emergency Medicine Journal 2002 19 78-79. (doi:10.11 36/emj. 
19.1.78) 

1 7 Lee KO, Taylor EA, Oh VM, Cheah JS & Aw SE. Hyperinsulinaemia 
in thyrotoxic hypokalaemic periodic paralysis. Lancet 1991 337 
1063-1064. (doi:10.1016/0140-6736(91)91710-C) 

18 Chan A, Shinde R, Chow CC, Cockram CS & Swaminathan R. 
Hyperinsulinaemia and Na"'", K^-ATPase activity in thyrotoxic 
periodic paralysis. Clinical Endocrinology 1994 41 213-216. 
(doi:10.1111/j.l 365-2265. 1994.tb02532.x) 

19 Li W, Changsheng C, Jiangfang F, Bin G, Nanyan Z, Xiaomiao L, 
Deqiang L, Ying X. Wensong Z & Oiuhe J. Effects of sex steroid 
hormones, thyroid hormone levels, and insulin regulation on 
thyrotoxic periodic paralysis in Chinese men. Endocrine 2010 38 
386-390. (doi:10.1007/sl2020-010-9396-3) 

20 Crooks J, Murray IPC & Wayne EJ. Statistical methods applied to 
the clinical diagnosis of thyrotoxicosis. Quarterly Journal of 
Medicine 1959 28 211-2 34. 

21 PatKT Hyperthyroidism. BMJ 1972 2 337-341. (doi:10.1 1 36/ 
bmj.2.5809.337) 

22 McFadzean AJ & Yeung R. Periodic paralysis complicating 
thyrotoxicosis in Chinese. BMJ 1967 1 451-455. (doi:10.1136/ 
bmj. 1.5538.451) 

2 3 Liu Z, Braverman LE & Malabanan A. Thyrotoxic periodic paralysis 
in a Hispanic man after the administration of prednisone. 
Endocrine Practice 2QQb 12 427-431. (doi:10.4158/EP12.4.427) 

24 Hsieh MJ, Lyu RK, Chang WN, Chang BCH, Chen CM, Chang HS, 
Wu YR, Chen ST & Ro LS. Hypokalemic thyrotoxic periodic 
paralysis: clinical characteristics and predictors of recurrent 
paralytic attacks. European Journal of Neurology 2008 15 
559-564. (doi:10.1111/j.l468-l 33 1.2008.021 32.x) 

25 Goldberg AP Sherrard DJ, Haas LB & Brunzell JD. Effect of high 
carbohydrate feeding with dextrose or sucrose on adipose tissue 
lipoprotein lipase activity and plasma triglyceride levels in 
hemodialysis patients. American Journal of Clinical Nutrition 1979 
32 1628-1635. 

26 He FJ, Markandu ND, Sagnella GA & MacGregor GA. Effect of salt 
intake on renal excretion of water in humans. Hypertension 2001 
38 317-320. (doi:10.1161/01.HYP38.3.317) 



27 Doar JW, Stamp TC, Wynn V & Audhya TK. Effects of oral and 
intravenous glucose loading in thyrotoxicosis. Studies of plasma 
glucose, free fatty acid, plasma insulin and blood pyruvate levels. 
Diabetes 1969 18 63 3-639. 

28 Guerra M, Rodriguez del Castillo A, Battaner E & Mas M. 
Androgens stimulate preoptic area Na+, K+-ATPase activity in 
male rats. Neuroscience Letters 1987 78 97-100. (doi:10.1016/ 
0304-3940(87)90568-4) 

29 Biering H, Bauditz J, Pirlich M, Lochs H & Gerl H. Manifestation of 
thyrotoxic periodic paralysis in two patients with adrenal 
adenomas and hyperandrogenaemia. Hormone Research 2003 59 
301-304. (doi:10.1 159/000070630) 

30 Maughan RJ, Watson JS & Weir J. Strength and cross-sectional 
area of human skeletal muscle. Journal of Physiology 1983 338 
3 7-49. 

31 Johansson G. Sex differences in the catecholamine output of 
children. Acta Physiologica Scandinavica 1972 85 569-572. 
(doi:10.1111/j.l 748-1 716.1971.tb05295.x) 

32 Frankenhaeuser M, Dunne E & Lundberg U. Sex differences in 
sympathetic-adrenal medullary reactions induced by different 
stressors. Psychopharmacology 1976 47 1-5. (doi:10.1007/ 
BF00428693) 

33 Yao Y, Fan L, Zhang X, Xiao Z, Long Y & Tian H. Episodes of 
paralysis in Chinese men with thyrotoxic periodic paralysis are 
associated with elevated serum testosterone. Thyroid 2013 23 
420^27. (doi:10.1089/thy201 1.0493) 

34 Okinaka S, Shizume K, lino S, Watanabe A, Trie M, Noguchi A, 
Kuma S, Kuma K & Ito T. The association of periodic paralysis and 
hyperthyroidism in Japan. Journal of Clinical Endocrinology and 
Metabolism 1957 17 1454-1459. (doi:10.1210/jcem-17-12-1454) 

3 5 Schofl C, Becker C, Prank K, von zur Miihlen A & Brabant G. 
Twenty-four-hour rhythms of plasma catecholamines and 
their relation to cardiovascular parameters in healthy young 
men. European Journal of Endocrinology 1997 137 675-683. 
(doi:10.1530/eje.0.1370675) 

36 Shishiba Y, Shimizu T. Saito T & Shizume K. Elevated 
immunoreactive insulin concentration during spontaneous 
attacks in thyrotoxic periodic paralysis. Metabolism 1972 21 
285-290. (doi:10. 1016/0026-0495(72)90071-6) 

3 7 Jackman RL & Jones RE. Hyperthyroidism and periodic paralysis. 
Archives of Internal Medicine 1964 113 657-664. (doi:10.1001/ 
archinte. 1964.00280110037007) 

38 Shishiba Y, Shizume K, Sakuma M, Yamauchi H, Nakao K & 
Okinaka S. Studies on electrolyte metabolism in idiopathic and 
thyrotoxic periodic paralysis. 3. Intra- and extracellular concen- 
trations of potassium and sodium in muscle and their changes 
during induced attacks of paralysis. Metabolism 1966 15 
15 3-162. (doi:10. 1016/0026-0495(66)90037-0) 

3 9 Ruff RL. Insulin acts in hypokalemic periodic paralysis by reducing 
inward rectifier current. Neurology 1999 53 1556-1563. 
(doi:10.1212/WNL.53.7.15 56) 

40 Ryan DP da Silva MR, Soong TW, Fontaine B, Donaldson MR, 
Kung W, Jongjaroenprasert W. Liang MC, Khoo DH, Cheah JS et al. 
Mutations in potassium channel Kir2.6 cause susceptibility to 
thyrotoxic hypokalemic periodic paralysis. Cell 2010 240 88-98. 
(doi:10.1016/j.cen.2009. 12.024) 

41 Cheng CJ, Lin SH, Lo YF, Yang SS, Hsu YJ, Cannon SC & Huang CL. 
Identification and functional characterization of Kir2.6 mutations 
associated with non-familial hypokalemic periodic paralysis. 
Journal of Biological Chemistry 2011 286 27425-27435. 
(doi:10.1074/ibc.Ml 11.249656) 

42 Maciel RM, Lindsey SC & Dias da Silva MR. Novel etiopathophy- 
siological aspects of thyrotoxic periodic paralysis. Nature Reviews. 
Endocrinology 2011 7 657-667. (doi:10.1()38/nrendo.2011.58) 

43 Cheung CL, Lau KS, Ho AY, Lee KK, Tin SC, Lau EY, Leung J, 
Tsang MW, Chan KW, Yeung CY et al. Genome-wide association 
study identifies a susceptibility locus for thyrotoxic periodic 
paralysis at 17q24.3. Nature Genetics 2012 44 1026-1029. 
(doi:10.1038/ng.2367) 

44 Jongjaroenprasert W, Phusantisampan T, Mahasirimongkol S, 
Mushiroda T, Hirankarn N, Snabboon T, Chanprasertyotin S, 



www.eje-online.org 



536 C-C Chang and others 

Tantiwong P, Soonthornpun S, Rattanapichart P et al. A 
genome-wide association study identifies novel susceptibifity 
genetic variation for thyrotoxic hypokalemic periodic paralysis. 
Journal of Human Genetics 2012 57 301-304. (doi:10.1038/jhg. 
2012.20) 

45 Chu PY, Cheng CJ, Tseng MH, Yang SS, Chen HC & Lin SH. Genetic 
variant rs623011 (17q24.3) associates with non-familial thyr- 
otoxic and sporadic hypokalemic paralysis. Chnica Chimica Acta 
2012 414 105-108. (doi:10.1016/j.cca.2012.08.004) 



EUROPEAN JODRNAL OF ENDOCRINOLOGY (2013) 169 

46 Lin SH & Huang CL. Mechanism of thyrotoxic periodic paralysis. 
Journal of the American Society of Nephrology 2012 23 985-988. 
(doi:10.1681/ASN.2012010046) 



Received 6 May 2013 

Revised version received 29 July 2013 

Accepted 7 August 2013 



www.eje-online.org 



